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Abstract: In this paper the radiation pattern on either side of the main beam, which is created by 
a standard microstrip patch antenna, is configured to correspond to a cosecant-squared curve. The 
8×2 antenna array comprises eight pairs of radiating elements that are arranged in a symmetrical 
structure and excited through a single common feedline. Interaction of the fields generated by each 
pair of elements contribute towards the overall radiation characteristics. The proposed array is 
shown to exhibit an impedance bandwidth of 1.93 GHz from 9.97 to 11.90 GHz for S11 ≤ -10 dB 
with a peak gain of 14.95 dBi. The antenna’s radiation pattern follows a cosecant-squared curve 
over an angular range of ±60.91°. The compact antenna array has dimensions of 106×34×0.813 
mm3. These characteristics  qualify the antenna for radar applications at the X-band frequency. 
Keywords: Cosecant-squared shaped radiation pattern; Antenna array; X-band applications; 
Series feedline. 
 
I. Introduction 
Antennas with a cosecant squared pattern achieve a more uniform signal strength at the input 
of the receiver as a target moves with a constant height within the beam. In the practice a cosecant 
squared pattern can be achieved by a deformation of a parabolic reflector [1]. Over the last decade, 
various techniques have been employed to create cosecant-squared shaped radiation patterns [2-
10], which include utilizing reflector surface [2] and applying multi-feed technique in reflector 
antennas along with Invasive Weed Optimization (IWO) algorithm [3]. A mechanically leaky-
wave antenna in [4] is used to generate a cosecant-squared radiation pattern. Here the antenna is a 
superstrate configuration made with a trimmed dielectric layer over a ground plane and fed by a 
single open-ended horn. Antenna designers have also used array configuration to realize the 
cosecant-squared shaped radiation pattern [5, 6]. In [5], a corner reflector antenna array is used to 
create a cosecant-squared shaped radiation pattern in the E-plane. Radiating elements of this 
antenna, which are made up of four symmetrically arranged pentagonal dipoles, are located parallel 
to the vertex of a 60° corner reflector. This antenna has the impedance bandwidth of 1.4 GHz from 
8.6 to 12 GHz, and 15 dBi peak gain at 10 GHz. Planar antenna array structures in [6] use substrate 
integrated waveguide (SIW), unequal power dividers, and phase-shifters to generate a cosecant-
2 
 
squared shaped radiation pattern at 42.6 GHz. Here twelve slotted antennas are combined to realize 
a cosecant-squared shaped pattern.  
Nowadays, the use of monopole patch antennas in array structures has become common 
because of simplicity in design, small form-factor, good radiation characteristics and low-cost 
fabrication using conventional MIC technology. Various feed techniques and geometries of 
microstrip antennas have been investigated [7-11]. Patch monopole antennas, however, have 
constraints in terms of gain and bandwidth. Arranging the patch in an array configuration is a 
common technique to enhance the antenna’s gain [12]. In [13], the gain of a 4×2 element aperture-
coupled antenna array is determined by the mutual coupling between the elements. In this case the 
gain and impedance bandwidth are 15.7 dBi and 300 MHz, respectively. The series-fed microstrip 
antenna array in [14] has a gain of 6 dBi and impedance bandwidth of 750 MHz. In [15], the gain 
and bandwidth of a multi-layer 2×2 square patch antenna are improved by implementing a 
perforated superstrate. The antenna bandwidth is improved by drilling holes in the superstrate 
layer. The gain and impedance bandwidth of this antenna array are 16 dBi and 4.2 GHz, 
respectively. Although in the prior designs, the gain performance in patch antenna arrays is 
improved, however, the impedance bandwidth is a limiting factor except in [15]. However, the 
complexity of a multi-layer design in [15] and fabrication cost are constraining factors. Moreover, 
different types of the array antennas with various feed networks have been explored recently 
including a sequentially rotated feed network using branch-line couplers [16] and directional 
couplers [17] for C-band applications. 
In this paper cosecant-squared shaped radiation pattern is realized using a planar antenna array 
structure. This linearly polarized antenna has a high-gain and broadband performance over its 
operating frequency range. The symmetrical antenna array structure comprises eight pairs of a 
square patch and excited with a common microstrip feedline. The number of array patches in the 
array and the gap between them is shown to determine the antenna’s gain and radiation 
characteristics. Measurements confirm the antenna array has an impedance bandwidth between 
9.97 to 11.90 GHz for S11 ≤ -10 dB, and a maximum gain of 14.95 dBi.  
 
II. Single-Element Antenna 
The proposed single-element patch antenna configuration, shown in Fig. 1, consists of a 
squared patch with two slits cutout in the lower portion of the patch to extend the feed point 
connection to the patch in order to enhance the matching. In addition, the 50 Ω microstrip feedline 
is stepped to further improve the impedance match. The other side of the dielectric substrate is a 
ground plane. The antenna is designed on low-loss Rogers RO4003 substrate with εr = 3.55 and 
tanδ = 0.0027. Length and width of the slits and the size of stepped feedline have a critical effect 
in the antenna’s impedance bandwidth. The antenna exhibits a unidirectional radiation pattern 
along the Z-axis. 
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Fig. 1. The proposed single-element patch antenna's structure (dimensions given are in mm). 
Fig. 2 shows the simulated results of the single-element antenna. All simulations were done 
using ANSYS HFSS v13. The single-element antenna has an impedance bandwidth of 280 MHz 
from 10.95 to 11.23 GHz, and the corresponding pain varies from 6.4 to 6.9 dBi over the frequency 
band. A full ground-plane is necessary to achieve a unidirectional radiation pattern. However, there 
are numerous techniques available to widen the impedance bandwidth of the patch antennas. These 
techniques can however adversely affect the radiation pattern of the antenna and/or are 
complicated to implement in practice. Bandwidth enhancing techniques include ground-plane 
truncation [18] and loading the antenna with resonators [19]. 
 
 
Fig. 2. The simulated S11 and the peak gain response of the single-element antenna. 
Fig. 3 shows the simulated radiation patterns of the single-element antenna in the XZ- and YZ-
planes at 11.09 GHz. It confirms that the antenna has a stable and unidirectional radiation pattern. 
The radiation pattern in the YZ-plane is slightly tilted and some radiation occurs below ground-
plane. This is because an infinite PEC ground-plane was not used in the simulation to be more 
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realistic. The consequence of this is excitation of surface waves at the edge of the substrate as well 
as diffraction of the radiated field.  
 
Fig. 3. Simulated radiation patterns of the single-element antenna at 11.09 GHz (solid line at XZ-plane, and dash 
line at YZ-plane). 
 
III. Antenna Array Configuration 
The proposed antenna structure is very general and lends itself to compressive-sensing-based 
diagnostics applications [20]. The single-element patch antenna in Fig. 1 was used to realize the 
antenna array, which is shown in Fig. 4. This symmetrical configuration along the Y-axis is shown 
to exhibit a cosecant-squared shaped radiation pattern from the antenna. The array comprises 16-
elements in 8×2 configuration, and the radiation elements are excited with a common feedline. 
Power from the feedline is divided equally between the radiation elements. A parametric study 
was conducted to determine the gap between the radiation elements to realize the required 
cosecant-squared radiation pattern. The optimized dimensions of the array structure are annotated 
in Fig. 4. These values are given in millimeters. 
 
 Fig. 4. Structure of the proposed antenna array with 16-elements (dimensions given are in mm). 
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In the proposed array configuration higher transmission power will be delivered to the lower 
patches than to the upper patches. This unequal power distribution along the patches will have an 
impact on the array’s radiation pattern. Parametric study was carried out to determine the optimum 
performance from the proposed antenna array. The return-loss and normalized radiation pattern of 
the antenna array are plotted in Fig. 5 & 6 for 4, 8, 12 and 16-element arrays. It is evident from 
theses plots the greater the number of elements the better the impedance bandwidth. In this study 
it was found that 16-element array provided the best performance. Indeed, the impedance 
bandwidth of the antenna array increase from 520 MHz for 4-element to 1840 MHz for 16-element. 
It was discovered that by increasing the antenna array elements greater than 16-element had 
negligible effect on the impedance bandwidth. The empirical results also suggest that surface 
waves propagating over the antenna cause mutual coupling effects between the radiating elements 
that perturb the intrinsic resonant frequency of the elements that contributes in the resulting 
bandwidth of the array antenna. Surface waves contributing to this are TM and TE modes of the 
substrate. This has the effect of suppressing grating lobe at 11.90 GHz. 
 
 
 
Fig. 5. Return-loss response of the antenna array as a function of array elements (4, 8, 12 & 16-elements). 
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Fig. 6. Normalized radiation pattern of the antenna array as a function of array elements (4, 8, 12 & 16-elements) in 
the YZ-plane at 11.25 GHz. 
Fig. 7 shows how the radiation pattern of the array was influenced by the number of array 
elements. By increasing the number of elements in the antenna array, the radiation pattern becomes 
narrower and follows a cosecant-squared shaped function. The simulated radiation pattern of the 
proposed 16-element antenna array in the XZ- and YZ-planes at 11.25 GHz are shown in Fig. 7.  
 
Fig. 7. Simulated radiation pattern of the antenna array at 11.25 GHz (solid line in the XZ-plane, and dash line in the 
YZ-plane). 
Fig. 8 shows the simulated far-field radiation patterns of the proposed antenna and the co- and 
cross-polarization in the H-plane (XZ-plane) and E-plane (YZ-plane) at 10.95 GHz. The co and 
cross-pol radiation patterns for both single and sixteen-element array indicate that the main 
radiation is at least 20 dB greater than the unwanted radiation pattern in the broadside direction 
(Theta and Phi are equal to zero degrees). The results show the single and array antennas have a 
predominantly unidirectional radiation pattern. 
 
Radiation pattern of the sixteen-element array antenna at 10.95 GHz 
 (solid-line in the XZ-plane, and dash-line in the YZ-plane). 
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Co and Cross-pol radiation pattern of the single-element array antenna at 10.95 GHz. 
 
 
Co and Cross-pol radiation pattern of the sixteen-element array antenna at 10.95 GHz. 
 
Fig. 8. Simulated far-field radiation patterns and co- and cross-polarization in the H-plane (XZ-plane) and E-
plane (YZ-plane) at 10.95 GHz. 
A prototype of the finalized antenna array was fabricated and tested in an anechoic chamber. 
8722ES Network Analyzer was used to measure its return-loss performance. Comparison between 
the simulated and measured results of the antenna array shown in Fig. 9 and 10. The measured 
impedance bandwidth of the antenna array is 1.93 GHz from 9.97 to 11.90 GHz. The normalized 
radiation pattern of the simulated and measured antenna array shows a close correspondence with 
a standard cosecant-squared curve, as shown in Fig. 10. 
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  Fig. 9. Measured and simulated return-loss response of the antenna array. 
 
 
Fig. 10. Measured and simulated normalized radiation patterns of the antenna array in the YZ-plane at 11.25 GHz. 
The antenna’s radiation pattern is in the YZ-plane at 11.25 GHz. It follows a cosecant-squared 
curve over an angular range of ±60.91° with the main beam centered at Ɵ= −11.55°. The sidebands 
are attenuated by more than 10 dB either side of the main beam. The 3D radiation pattern of the 
antenna array at 11.25 GHz is shown in in Fig. 11. 
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(a)                                             (b) 
Fig. 11. Simulated radiation pattern of the antenna array at 11.25 GHz, (a) Simulated 3D radiation pattern (isometric 
view),  and (b) Simulated radiation pattern in the XY-plane. 
It is evident from Fig. 11 the elements nearer the input of the feedline are more energized and 
therefore have a radiate greater power. It was essential to ensure the gap between adjacent pairs of 
elements was adjusted correctly for proper phase shifting to realize the required radiation pattern 
that followed the cosecant-squared curve. Fig. 12 shows the simulated and measured peak gain of 
the realized antenna array in comparison with the single-element antenna gain. 
 
Fig. 12. Peak gain performance of the antenna. 
The average peak radiation gain increases from 6.62 dBi for the single-element antenna to 
approximately 14.22 dBi for the 16-element antenna array. Moreover, the antenna array has 
maximum measured gain of 14.95 dBi at 10.40 GHz. The measurement setup used is shown in 
Fig. 13. A standard technique was used to measure the antenna’s radiation pattern in the anechoic 
chamber. 
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(a)                                                             (b) 
Fig. 13. Measurement setup for the fabricated antenna array, (a) Antenna array connected to the network analyzer, 
and (b) Antenna array in the anechoic chamber. 
 
IV. Conclusion 
A series fed 8×2 antenna array, which is constructed from standard square patches, is shown to 
exhibit a radiation pattern with a sidelobe profile that follows a cosecant-squared curve. Effect on 
the array’s impedance match and radiation patterns as a function of number of elements 
constituting the array was investigated. Average gain of the linearly polarized antenna array and 
its impedance bandwidth are 14.22 dBi and 1.93 GHz, respectively. The antenna array is compact 
with dimensions of 106×34×0.813 mm3 when fabricated on Rogers RO4003 dielectric substrate. 
There is close correspondence between the measured and simulated results.  
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